INTRODUCTION
In vascular plants the supply of water to sustain transpiration (and associated carbon uptake) depends on soil water availability, on the extent of transpiring and absorbing surfaces and on the transport characteristics of the hydraulic pathway between roots and leaves.
Few studies have attempted to describe hydraulic architecture and properties in species of Mediterranean ecosystems. Thompson et al. (1983) and Salleo et al. (1985) studied hydraulic parameters in stems and twigs of very young olive trees. Tognetti et al. (2005) determined seasonal courses of whole-plant hydraulic conductance in an olive grove subjected to deficit irrigation. We studied an individual tree in an old olive grove (southern Italy) to examine how sap flow in different branch ranks related to tree architectural traits. Multiple measurements of sap flow at various positions within the crown were related to the ratio between sapwood area (i.e. the cross-sectional area of conducting tissue, SA) and the transpiring surface (leaf area, LA).
The ratio SA/LA (the Huber value, Zimmermann, 1983 ) is a morphological index of potential capacity for water transport relative to potential transpirational demand in the crown. SA/LA is an attribute that governs hydraulic architecture; in tropical forest trees it appeared to be a reliable proxy for higher order components of tree hydraulic architecture, namely leaf-and sapwood-related hydraulic conductivities (Meinzer et al., 2008) .
The relationship between the sap flow density (q, g cm -2 h -1 ) and the ratio SA/LA was determined and analyzed. First we studied the relationship between the average diurnal sap flow (q avg , calculated from 5 am to 7 pm) and the SA/LA ratio, in the different structures (branches and shoots). Subsequently we examined the relationship between the maximum daily values of sap flow (q max ) in the distinct structures and SA/LA. Finally we studied the relationship between sap flow density and SA/LA when branches and shoots undergo heterogeneous atmospheric evaporation demand.
MATERIALS AND METHODS

The Experimental Site and the Sample Tree
Data were collected in 2002, from July 22 nd to August 3 rd , during the Intensive Observation Period 1 of the EU project WATERUSE (http://www.isa.utl.pt/wateruse). The field campaign was carried out in an olive grove (Olea europaea 'Coratina'), located at the farm "Torre di Bocca", near Andria, on the "Murge" upland of Puglia region, in southern Italy (41°13' N, 16°09' E, altitude 170 m). The area is characterised as semi-arid, with average annual rainfall of 530 mm, distributed from September to April.
The orchard (1 ha) was drip-irrigated. Plants (approximately 80 years old) were trained with the vase system and planted at a distance of 9 m x 9 m, with a ground cover of 23%. Typically, the trees were about 5 m high and mean crown radius was 2.4 m. The stand leaf area index (LAI stand ) was low (0.96 m 2 m -2 ), indicating minimal mutual shading by neighbouring trees (limited, in fact, to early morning and late evening hours). The leaf area index values of individual trees (LAI tree ), related to their crown projected area, resulted on average 3.5 m 2 m -2 (in a range from 1 to 7 from the middle crown to the maximum along crown radius, Cermak et al., 2007a) . This resulted in usual leaf selfshading within tree crowns. One representative sample tree was selected in the middle of the olive grove; from the biometric viewpoint it approached the mean tree of the stand (diameter at 1 m height = 36 cm). The tree had a single trunk with 3 main branches directed to East, West and North.
Measurements of Sap Flow and Environmental Data
Distinct sets of sap flow data were collected using different thermal methods. Measurements of sap flow density (q, g cm -2 h -1 ) in branches were performed by the Heat Field Deformation technique (HFD, Nadezhdina et al., 1998; Cermak et al., 2004) . In shoots sap flow rate (g h -1 ) was measured by the Stem Heat Balance sensors (SHB), developed by Sakuratani (1981) and produced by Dynamax Inc. q in shoots was calculated according to the sapwood cross-sectional area (SA, cm 2 ) at sensor level. Signals from the sap flow probes were scanned every 10 s and their 10-minute averages were stored in data loggers (CR10, Campbell Sci., UK; Delta-T Ltd., UK; MIDI-12, EMS, CZ). Data of two days (= 15% of total) were chosen for detailed analysis.
Thirteen sensors were placed in various crown positions, at different heights and orientations, and in distinct branch ranks. On the three main branches (diameter of 12, 11.5, and 10 cm) six HFD multi-point sensors were placed; measurements in smaller higher branches were performed by means of four single-point HFD sensors. Stem Heat Balance sensors (models SGA13 and SGB16) were placed at the base of three shoots. The main traits of the branches studied are illustrated in Table 1 , and the scheme of sensors' installation is shown in Figure 1 .
Net radiation was measured by a radiometer (CNR1, Kipp & Zonen, NL) placed on a micrometeorological tower located in the olive grove, some 20 m away from the sample tree.
Volumetric soil water content was determined once a day through a TDR-system (Tektronix 1502C). The profile of soil water content was measured by means of four probes placed horizontally at four depths, down to 1 m. Two sets of four probes were arranged near the sample tree, at distances of 2 and 4.5 meters from the trunk.
Leaf Area and Sapwood Area Estimates
The leaf area of the gauged shoots was estimated from the number of leaves above the sensor and mean area per leaf. Branch leaf area was estimated from allometric relationships (determined at the same site) with branch xylem cross-sectional area as an independent and easily measurable variable (Cermak et al., 2007a) .
In the main branches the HFD probes were 40 mm long and contained 6 measuring points. The sapwood depth was measured at the sensor's position, corresponding to the point where sap flow reached zero. In smaller branches and shoots no heartwood was found, therefore the whole cross-sectional area at the sensor's position, excluding the bark, was considered as sapwood.
Modelling the Relationship between Sap Flow, Sapwood Area and Leaf Area
The trends in the q vs. SA/LA observations were modelled using the hyperbolic equation:
where a and b are empirical parameters determined by numerical fitting. After determining a model that represents the relation between q and SA/LA, the differences between values predicted and those actually observed were evaluated by means of the root mean square error (RMSE, g cm -2 h -1 ).
RESULTS AND DISCUSSION
Daily Courses of Sap Flow at Different Architectural Levels
In the tree under study the evaporation demand mainly responds to radiation forcing; in fact it can be recognized that the vapour pressure deficit of the air is not very different in different sides of the tree. On the contrary, the diurnal variation in the radiation environment affecting the different parts of the crown according to the sunlit leaf area (Cermak, 1989 ) is noticeable. Courses of q (g cm -2 h -1 ) within the crown (in shoots, small and main branches) are shown in Figure 2 , together with the course of radiation available to the canopy (net radiation) (Fig. 2a ) on 28 July. In shoots q was higher than in branches, and courses of sap flow differed greatly between shoots, according to the diurnal pattern of evaporation demand forcing them, with sap flow in the north east-facing shoot peaking much earlier than in the west-facing one (Fig. 2b) . In bigger branches the peaks of q were less pronounced (Fig. 2 c,d ). In the upper main branches (i.e. sun-exposed parts) q was higher than in main branches growing in lower positions, throughout the whole day (Fig. 2d) . In general, sap flow curves reached their maximum at different times of the day; the time of maximum sap flow density occurred between 10 am and 3.30 pm.
The effect of the diurnal variation of the evaporation demand was noticeable in shoots and decreased in bigger branches, since the sap flow in larger structures was more composite, integrating flows of structures with a wider range of orientations. A number of studies showed the large variation in the patterns of sap flow of branches in different parts of the crown (Cermak et al., 2007b; Burgess and Dawson, 2008 and references therein) . In a mature olive tree, Diaz-Espejo et al. (2002) reported differences in sap flow rates in the two main branches, due to different leaf area and branch orientation. In their study, ranges of sap flow rates were very similar to those reported in the present work (when q is converted to flow rate through sapwood area). Similarly, Cermak et al. (1984 Cermak et al. ( , 2000 and Fernandez et al. (2006) , respectively in mature willow, maple and olive trees, reported different daily flow rates between east and west oriented main branches.
Sap Flow and Architectural Tree Features
Leaf area and sapwood area were linearly related across all branch ranks, and the regression yielded r = 0.99 (data not shown). High correlation coefficients between SA and LA were often reported by the literature, both within (Salleo et al., 1985) and across species. The SA/LA ratio increased from smaller to larger structures, and the ranges of variation of SA/LA in shoots, small and main branches did not overlap (Table 1) .
The dependence of average diurnal sap flow (q avg ) on SA/LA was well described by the hyperbolic function Eq.1 (Fig. 3a) . The differences between the values of q avg predicted by the relation and the values actually observed resulted in RMSE = 6.07 g cm -2 h -1 .
The relationship applied to all the different structures, although main branches, small branches and shoots were in distinct parts of the relationship. The scattering of points around the hyperbola was in relation with the crown architecture: the different orientations and heights of the gauged branches determined different q avg . For instance, the grey arrow in Figure 3a indicates two small branches that had very similar SA/LA ratio and that were positioned at the same height in the crown; the higher q avg occurred in the branch facing south. The black arrow points the increase of q avg in the main branches from lower to higher fractions of the crown. The orientations of main branches were different, but q avg resulted to be directly proportional to branch height, and the effect of height prevailed on the one of orientation. Therefore q avg in main branches was determined by the solar elevation more than by the solar azimuth angle.
The relationship between sap flow density and SA/LA when the evaporation demand was highest (q max ) was best-fitted by the relation in Eq.1 (Fig. 3b) . RMSE resulted 10.32 g cm -2 h -1 . Soil moisture availability at the time of the experiment was not limited (data not shown), therefore each structure (shoot, branch) reached the maximum q when the evaporation demand also reached maximum. It was pointed out above that evaporation demand was spatially oriented due to changes of input radiation direction and the maximum sap flow density (q max ) was attained in the different branches at different times of the day.
At each time of the day the atmospheric evaporation demand acted differently on the gauged branches and shoots, given their various positions within the crown. In order to explore the relationship between q and SA/LA ratio under heterogeneous evaporation demand, we related sap flow values that occurred at 4 pm on June, 28 th (q 4pm ) with SA/LA ratio. The experimental relationship was best-fitted by the hyperbolic curve (Eq.1, data not shown), with RMSE = 10.77 g cm -2 h -1 .
Evaluation of Scattering of the Data Sets
The scattering of data points in the q versus SA/LA relationships produced different RMSE in the three instances discussed above. The RMSE was higher in the relationships established by q max and q 4pm , much lower when q avg was examined.
The reasons of the variations of the RMSE were analyzed. Firstly the relationship between q and SA/LA was determined with sap flow data averaged over a time interval of 10 min; then q values were averaged over increasing time intervals (at steps of 10 min), up to an interval of 14 hours. The starting time was 4 pm on 28 th July; at the end of the procedure, when data were averaged over a 14 hours time interval, the whole diurnal cycle of q was included. At each time interval a hyperbola (Eq.1) was fitted to the experimental data and the RMSE was calculated. The RMSE resulted to be larger when data were averaged over short time intervals; the RMSE was maximum (11.53 g cm -2 h -1 ) when q was averaged over a 60 min interval. At increasing integration intervals the RMSE constantly reduced and attained its minimum (6.07 g cm -2 h -1 ) when the interval was of 14 hours, i.e. when sap flow data were averaged over the whole diurnal cycle.
The decrease of the RMSE at increasing intervals of integration showed that the scattering of points around the hyperbola was enhanced by differences in evaporation demand across structures. In fact, in short time intervals the evaporation demand had a wide variation in different parts of the crown, causing different q in the tree structures. When longer intervals were considered, the evaporation demand was more evenly distributed over the crown and the effect of its spatial orientation was reduced.
The daily courses of sap flow in different parts of the crown may have phase shifts (Cermak et al., 1984 (Cermak et al., , 2007b Burgess and Dawson, 2008) . These different patterns may be due to different evaporation demand acting on different branches, but also to discharge and re-charge of water stored in tissues . Moreover the phase shifts of q measured at stem base may serve as an evidence of sectorial tree hydraulic architecture (Nadezhdina et al., 2001) . In our olive tree we observed phase shifts of sap flow density at all measured levels (Fig. 2) , including stem (data not shown). This may indicate that olive has rather structural than integrated tree hydraulic architecture.
In the present study time series of normalized q (% of maximum at measurement position) in trunk and branches did not differ in the timing of onset of flow (data not shown), indicating a limited contribution of the xylem hydraulic capacitance to sap flow.
General Discussion about the Relationships q vs. SA/LA As a relative index of water supply capacity of the xylem in relation to potential transpirational demand, SA/LA is an important component of tree architecture. In the present study, similar relationships related simple tree architectural properties (SA/LA) to the functional trait q. The hyperbolic relationship between the sap flow density and the SA/LA ratio in the different structures applied when average daily values of q were considered; as well as when q was influenced by the diurnal variation of the evaporation demand. Coefficients of determination were rather low (R 2 = 0.38, 0.51, 0.32 in the q avg , q max, q 4pm, relationships, respectively) however it must be noted that q and SA/LA measurements were independent in the present study. Higher R 2 are reported by Meinzer et al. (2008) in similar relationships, however their measurements were not entirely independent. The robustness of this relationship is supported by results of Andrade et al. (1998) , which found, across five tropical species, identical relationships between q and SA, both for branches and whole trees.
The inverse relationship between q and SA/LA indicated that bigger structures, which had a higher SA/LA ratio, had a higher transport capacity per leaf area unit, yielding lower q. Conversely, in shoots (i.e. at lower SA/LA) q was higher and its increase was more than proportional to the reduction in SA/LA; hence it can be argued that in smaller structures the supply of water to the loss system (leaves from which it is transpired) was favoured. Tables   Table 1. Morphological characteristics of the branches of the study tree; numbers in parentheses are SE (n = 3 to 6). 
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